We study the pressure-driven phase transition from the four-coordinate wurtzite to the six-coordinate rocksalt structure in CdSe nanocrystals with molecular dynamics computer simulations. With an ideal gas as the pressure medium, we apply hydrostatic pressure to spherical and faceted nanocrystals ranging in diameter from 25 to 62 Å . In spherical crystals, the main mechanism of the transformation involves the sliding of (100) planes, but depending on the specific surface structure we also observe a second mechanism proceeding through the flattening of (100) planes. In faceted crystals, the transition proceeds via a five-coordinated hexagonal structure, which is stabilized at intermediate pressures due to dominant surface energetics.
We study the pressure-driven phase transition from the four-coordinate wurtzite to the six-coordinate rocksalt structure in CdSe nanocrystals with molecular dynamics computer simulations. With an ideal gas as the pressure medium, we apply hydrostatic pressure to spherical and faceted nanocrystals ranging in diameter from 25 to 62 Å . In spherical crystals, the main mechanism of the transformation involves the sliding of (100) planes, but depending on the specific surface structure we also observe a second mechanism proceeding through the flattening of (100) planes. In faceted crystals, the transition proceeds via a five-coordinated hexagonal structure, which is stabilized at intermediate pressures due to dominant surface energetics. The thermodynamic properties of nanosized particles can differ significantly from those of the corresponding bulk materials due to the large surface to volume ratio. In particular, the kinetics and the mechanism of first order phase transitions are strongly affected by the surface free energetics of such systems. In a series of recent experiments, Alivisatos and co-workers [1] [2] [3] [4] [5] [6] have demonstrated that the pressure-induced transition from the fourcoordinate wurtzite structure to the six-coordinate rocksalt structure in CdSe is strongly influenced by crystal size. The transition pressure increases by about a factor of 2 as the size of the sample is decreased from macroscopic dimensions to the nanometer scale [1] , and also the kinetics of this highly activated process change markedly as a function of size [2, 4] .
A considerable amount of work has been concerned with the wurtzite to rocksalt transition and possible intermediate structures in the bulk [7] [8] [9] [10] [11] [12] [13] [14] [15] where, for CdSe, the transformation occurs at approximately 2.5 GPa [16, 17] . In a recent molecular dynamics study of bulk CdSe, Shimojo et al. identified two main mechanisms [12] . The first mechanism was previously proposed by Tolbert and Alivisatos and involves the flattening out of parallel (100) planes [1] , the second mechanism is realized through sliding of parallel (100) planes along the 010 direction. Using transition path sampling methods [18] , Zahn, Grin, and Leoni recently showed that the second mechanism is highly preferred and the transition does not involve a concerted motion of atoms, but occurs via nucleation and growth [15] .
In the nanocrystal, surface effects may significantly alter the transition mechanism. In this Letter, we use molecular dynamics simulation to study the structural transformation of CdSe nanocrystals of various shapes and sizes. Our simulations reveal that transition mechanisms are strongly shape dependent: Most spherical nanocrystals transform through the bulk mechanism of sliding (100) planes [15] , but the other mechanism, unfavored in the bulk, also occurs. For faceted nanocrystals the transformation proceeds through an intermediate five-coordinate structure, that is unstable in the bulk but is stabilized by surface effects in the nanoparticle.
In all our simulations we use the empirical pair potential for CdSe developed by Rabani [17] , designed to reproduce the lattice and elastic constants of bulk CdSe as well as the bulk wurtzite to rocksalt transition pressure of 2.5 GPa [15, 17] .
A crucial point in the simulation of nanoparticles under pressure is the choice of pressure medium. As such we use an ideal gas of noninteracting particles that interact with the crystal atoms through the soft-sphere pair potential ur =r 12 . As the equation of state of the ideal gas is known analytically, the pressure can be easily tuned by controlling the density of the pressure bath. We set 1 kJ=mol and 3:0 A, large enough to prevent infiltration of gas particles into the nanocrystal. For an efficient calculation of the forces needed in the molecular dynamics simulation, we use cell lists [19] and a cutoff of 2 for the interactions between ideal gas particles and the crystal atoms. To reduce the number of ideal gas particles required to exert a given pressure, these particles fill only a thin layer around the crystal. The volume that is occupied by the gas consists of all cells, already defined for the cell lists, that can hold possible interaction partners of the crystal atoms. This minimal volume of cells is updated every time step and particles leaving the volume are no longer considered. The loss of gas particles is compensated by randomly introducing new gas particles on the cell walls confining the volume, with statistics appropriate for an ideal gas at temperature T and pressure P. When, by movement of crystal atoms, a new cell is added to the gas atmosphere, it is filled with a number of particles drawn from an appropriate Poisson distribution; when a cell is removed from the gas atmosphere, the particles in this cell are no longer considered. In this method, the gas serves as a barostat as well as a thermostat. The exerted pressure is hydrostatic (we have numerically verified that in our simulations the forces tangential to the crystal PRL 96, 255701 (2006)surfaces vanish on average) and can be simply controlled by adjusting the number of ideal gas particles.
To study the effect of surface structure and crystal size on the transition mechanism, we use nanocrystals of two different shapes, ranging in radius from 12.6 to 31.5 Å , consisting of 300 to 4500 atoms. Spherical nanocrystals are cut from a large wurtzite lattice with centers randomly distributed over the wurtzite unit cell. The resulting nanocrystals have disordered surfaces and, due to the randomly chosen positions of the center, slightly differ in atom number even for equal sizes. Faceted nanocrystals with well-defined surface structure were obtained by cleaving the bulk lattice along equivalent (100) wurtzite planes and at (001) and 00 1 planes perpendicular to the 001 direction of the c axis. Similar to crystals used in experiments [20] , the aspect ratio was chosen to vary around a value of 1.25, slightly elongated along the c axis. The resulting nanocrystals have stable low-index surfaces and can be seen as a short version of the nanorods studied in recent experiments [6] .
All of our simulations are carried out at T 300 K and follow the same scheme: A single crystal is initially equilibrated for 15 ps at zero pressure. Then the pressure is increased every 10 ps in steps of 0.25 GPa until a maximum pressure of 8-11 GPa is reached, depending on crystal size and shape. The equations of motion are integrated using the velocity Verlet algorithm [21] with a time step of 2 fs. The mass of the ideal gas particles is 10 amu. The longest of a total of 75 simulation runs have a length of 450 ps, and about 350 000 gas particles are required to apply a maximum pressure of 11 GPa.
Apart from analyzing the simulation runs by visual inspection, we calculate the number of atoms N i with i nearest neighbors. Here, atoms are defined to be nearest neighbors if they are closer than 3.3 Å , the location of the first minimum of the radial distribution function. The transition is monitored by plotting the fractions N i =N of i-coordinated atoms as a function of pressure (see Fig. 1 ). Whereas spherical crystals directly transform from the wurtzite to the rocksalt structure, as indicated by the sudden change from four-to six-coordination (Fig. 1, right) , faceted crystals take a five-coordinated structure at intermediate pressures (Fig. 1, left) . The latter transition is depicted in Fig. 2(a) . Starting on one side of the crystal, the puckered wurtzite (001) layers are leveled out, leading to a compression of the whole crystal along the wurtzite c axis. The resulting structure is similar to hexagonal BN and was named h-MgO, as it was first discovered as a metastable phase of MgO [8] . Recently, it was considered as a metastable intermediate in the wurtzite to rocksalt transition in bulk CdSe [12] . Its high energy, however, rules it out as a possible stable intermediate structure for the bulk transformation [12] . To confirm this, we calculate the enthalpy of bulk CdSe in constant-pressure Monte Carlo simulations (see Fig. 3 ) [17] . The enthalpy of h-MgO is never the lowest, rendering this structure unaccessible in the bulk. During the transition, the (001) planes of the crystal are flattened out and the surface atoms are shifted from a three-coordinate to a four-coordinate environment. 
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This favorable reorganization of the surface stabilizes the five-coordinate h-MgO structure in the nanocrystal sufficiently with respect to the bulk to make this structure accessible during the transition. As expected, we observe a strong decrease in the wurtzite to h-MgO transition pressure with decreasing crystal size [22] : Whereas in the largest crystals the h-MgO structure is stable over a small pressure range only, we observe an immediate wurtzite to h-MgO transition at zero pressure for a Cd 72 Se 72 crystal. The critical size, at which the h-MgO structure becomes unstable with respect to the wurtzite structure, increases with increasing pressure. The h-MgO to rocksalt transition is shown in Fig. 2(b) . The mechanism involves the sliding of parallel (100) planes and is equal to the mechanism observed in the bulk [15] , except for the compression along the wurtzite c axis, which has already occurred during the wurtzite to h-MgO transition. The transition nucleates at the surface where the outer atoms of a (100) plane move along the 010 direction into the crystal, transforming the hexagonal 120 bond angle along the (100) plane into the cubic 90
angle. Cadmium and selenium atoms along the plane form cubic bonds with the next selenium and cadmium atoms along the two neighboring (100) planes, initiating the rocksalt nucleus. This displacement and change of angle quickly propagates along the (100) plane, at the same time starting the transition in the adjacent (100) planes. This sliding plane motion then moves through the whole crystal. The shearing directions of the planes, parallel or antiparallel, vary and determine the overall shape change of the crystal during the transformation. In some of the larger faceted crystals, we observe the formation of grain boundaries during the h-MgO to rocksalt phase transition. If the crystal is sufficiently large, the transition can occur in different parts of the crystal simultaneously. Grain boundaries then form where two rocksalt structures with different orientation meet. The majority of spherical crystals transforms through the sliding of (100) planes mechanism observed in the h-MgO to rocksalt transition of faceted crystals. However, the transition occurs directly from the wurtzite to the rocksalt structure and the h-MgO structure is not observed. The compression of the wurtzite lattice in the direction of the c axis takes place at the same time as the shearing motion of (100) planes. In faceted crystals with flat (001) surfaces terminating the crystal in the c direction, there is no transition motion in the 001 direction during the h-MgO to rocksalt transition, leading to a flat, lowindex (001) rocksalt surface. The situation is different in spherical crystals. As the spherical shape is not suitable to accommodate low-index rocksalt faces, the transition motion is more complicated. In an effort to produce lowenergy rocksalt surfaces, wurtzite (100) planes can, in addition to the shearing motion, move in the 001 direction during the transition. Moreover, the formation of lattice defects is found in spherical crystals of all sizes. These include grain boundaries between rocksalt domains of different orientation, as well as dislocations. Whereas only one 14 Å crystal displays a grain boundary after the transition, over 80% of the largest sized crystals transform with lattice defects.
In a single, spherical Cd 366 Se 359 nanocrystal we observed a second transition mechanism [ Fig. 2(c) ]. Here, the transition does not involve a shearing motion but a flattening out of (100) planes. Starting on one side of the crystal, atoms across six-membered hexagonal rings come together to form the rocksalt structure and at the same time level differences in the c direction are flattened out. A transition through this mechanism requires a significant overall shape change of the crystal, transforming a sphere into an oblate ellipsoid. This mechanism was previously proposed and later discarded by Alivisatos et al. [1, 3] , because the significant shape change accompanying the transition through this mechanism could not be confirmed by experimental data [3] . The exact prerequisites for the two different mechanisms to happen are unclear, but seem to be strongly dependent on the specific surface structure. Although we observe the alternative mechanism in this pureness only in one case, many 14.0 Å radius crystals and even a few larger crystals, spherical and faceted, display a mixture of both mechanisms.
While our simulations show many similarities with actual experiments on CdSe nanocrystals, there are also important differences. The h-MgO structure is not observed in experiments and the transition mechanism proposed in agreement with experimental data involves the sliding of (001) planes [3] , not (100) planes as in our simulations. However, a possibly metastable h-MgO structure might have a lifetime too short to be resolved in the experiments. Also, crystals used in experiments are covered with surfactants, which strongly influence surface energies [23] . The presence of such a surface passivation layer may block the transition path to the h-MgO structure and render it unaccesible in the experiments, favoring a different transition mechanism. Computationally quite a challenge, a detailed description of surface passivation nevertheless has to be included in future simulations. Recently, progress has been made towards a description of surfactants through simple force fields [24] .
Another difference between simulation and experiment lies in the accessible time scales. Although our rate of pressurization is lower than in comparable simulation studies [25] [26] [27] [28] [29] , it is still many orders of magnitude larger than in experiments, where observation times of several minutes up to hours are common [3] . This has two effects: First, sudden changes in pressure can lead to structural instabilities, possibly changing the statistical weight of different transition mechanisms. Second, on the short time scale available in simulations, the use of significantly higher pressures is necessary to observe the transition. This again may lead to different transition mechanisms. Despite the large difference in time scale, the transitions in our simulations happen at pressures comparable to those found in experiments. This indicates that transition barriers are quite different in the two cases, again pointing to the important role of surface passivation. To study the transition at the thermodynamic transition pressure, transition path sampling methods will be applied in future work [15, 18] .
The observation of grain boundaries in our simulations is another striking difference to the experiments, where nanocrystals transform free of defects over many pressure cycles [1, 4] . The main mechanism in the formation of these defects is surface related: When the simple sliding-planes motion would introduce too many surface defects in the final rocksalt structure, as in the case of the spherical crystals, different domains of rocksalt are formed to minimize the surface free energy by the formation of lowindex rocksalt surfaces. In faceted crystals, the slidingplanes motion alone leads to well-defined rocksalt surfaces. The formation of lattice defects in this case would destroy these surfaces, introducing high-energy steps and edges. Nevertheless, grain boundaries can form in faceted crystals if, due to the high degree of over pressurization, the transformation is triggered in different parts of the crystal simultaneously. Recently, a simulation study of GaAs nanocrystals showed results similar to our work [25, 26] : Larger spherical crystals are found to transform with grain boundaries, whereas faceted crystals more often display single-domain behavior.
In conclusion, we show that the structural transformation in CdSe nanocrystals is dominated by surface effects. The transformation nucleates at the surface and proceeds via the bulk mechanism of sliding (100) planes, but depending on the details of the surface structure, other mechanisms involving the flattening of (100) planes or the formation of a five-coordinate intermediate structure are possible. Moreover, our simulations show that in nanocrystals it is possible to stabilize structures that are unstable in the bulk by controlling the overall shape and surface structure of the particles.
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